Coronaviruses are the causative agent of respiratory and enteric diseases in animals and humans. One example is SARS, which caused a worldwide health threat in 2003. In coronaviruses, the structural protein N (nucleocapsid protein) associates with the viral RNA to form the filamentous nucleocapsid and plays a crucial role in genome replication and transcription. The structure of Nterminal domain of MHV N protein also implicated its specific affinity with transcriptional regulatory sequence (TRS) RNA. Here we report the crystal structures of the two proteolytically resistant N-(NTD) and C-terminal (CTD) domains of the N protein from murine hepatitis virus (MHV). The structure of NTD in two different crystal forms was solved to 1.5 Å. The higher resolution provides more detailed structural information than previous reports, showing that the NTD structure from MHV shares a similar overall and topology structure with that of SARS-CoV and IBV, but varies in its potential surface, which indicates a possible difference in RNA-binding module. The structure of CTD was solved to 2.0-Å resolution and revealed a tightly intertwined dimer. This is consistent with analytical ultracentrifugation experiments, suggesting a dimeric assembly of the N protein.
INTRODUCTION
Coronaviruses are large, enveloped, positive single-stranded RNA viruses, which belong to Coronaviridae family, Nidovirales order. Coronatviruses are the causative agent of many animal and human diseases (Rota et al., 2003) . Especially, in 2003, SARS-CoV caused a worldwide health threat and accounted for over 8098 infection and 774 death cases (Drosten et al., 2003; Fleischauer and CDC SARS Investigative Team, 2003; Ksiazek et al., 2003) . The coronavirus has an extraordinary large genome, ranging from~27 to 31.5 kb. On the basis of antigenic cross-reactivity and sequence similarity, coronaviruses can be assigned to three groups, with HCoV-229E (group I), mouse hepatitis virus (MHV, group II), and avian infectious bronchitis virus (IBV, group III) being the representatives of each group. MHV, which causes liver or neuron infection in mice, is the best-studied coronavirus before the 2003 SARS outbreak.
MHV contains a 31.4-kb positive-sense ssRNA genome (Lai and Stohlman, 1978; Sturman and Holmes, 1983) . The genomic RNA is encapsidated by the nucleocapsid (N) protein into a capsid core. The other four structural proteins, including spike (S), membrane (M), envelope (E) and hemagglutinin-esterase (HE), surrounded the capsid core to form the crown-like viral particles (Sturman and Holmes, 1983) . Upon infection into a cell, the virus produces two large polyproteins (pp1a and pp1ab). They are cleaved by papainlike proteinase 1 (PLP1) and the poliovirus 3C-like proteinase (3CL M pro ) into 16 non-structural proteins, which function as the replication-transcription complexes (RTC) (Sturman and Holmes, 1983) .
The MHV-A59 N protein is well-conserved among the various MHV strains. It interacts with genomic RNA to form the helical nucleocapsid (Macneughton and Davies, 1978; Robbins et al., 1986; Baric et al., 1988; Almazán et al., 2004; Sawicki et al., 2005) , and associates with the membrane glycoprotein via its C-terminal to stabilize virion assembly (Kuo and Masters, 2002; Hurst et al., 2005; Bednar et al., 2006; Verma et al., 2006) . It is also considered as an RNA chaperone (Mir and Panganiban, 2006; Zúñiga et al., 2007) . Previous biochemical results indicated that the N protein binds specific RNA sequences, e.g., the leader RNA Zhang et al., 1994; Nelson et al., 2000) and the packaging signal (Molenkamp and Spaan, 1997) . The leader RNA contains 72-76 nucleotides, which consist of two or three copies of penta-nucleotide sequence (UCUAA) that is critical for virus transcription. Nelson et al. (2000) used a RNA ligand binding assay to demonstrate that the N protein had a dissociation constant (K d ) of 14.7 nM when RNA contains UCUAA sequence. They also located the smallest N protein fragment with a significant K d of 32 nM as residues 177-231. The specific interaction of MHV packaging signal and N proteins was observed in vitro, and similar packaging signal or (nucleo)capsid protein interactions have been observed in several other RNA viruses, including alphaviruses and retroviruses (Molenkamp and Spaan, 1997) . It has been postulated that the packaging signal functions as a selective encapsidation initiation site by its specific interaction with the N protein (Molenkamp and Spaan, 1997) . Recently, Grossoehme et al. (2009) reported that the MHV-N219 (residues 60-219) selectively binds to TRS (transcription regulatory sequence) RNA with high affinity. Moreover, van der Meer et al. (1999) used immunofluorescence microscopy to prove the co-localization of the N protein with 3CL M pro , helicase protein and RNA polymerase protein in early MHV-A59 infected cells. Using the same assay, Bost et al. (2000) reported that pp1ab and N protein could be closely localized in vivo. Furthermore, the reverse genetic results showed that the rescue of recombinant coronaviruses (TGEV, IBV, MHV) from cells can be greatly enhanced when the cells express N protein (Almazán et al., 2000; Casais et al., 2001; Coley et al., 2005) . The N protein of MHV-A59 is a highly basic phosphoprotein with the molecular weight of 55 kDa. It could be sub-divided into three conserved domains: domains I (residues M1-A139) and II (residues D163-Q380) are basic, and the C-terminal domain III (residues E406-V454) is acidic. A general RNA binding region was initially located at residues H136-R397 (Masters, 1992; Cologna et al., 2000; You et al., 2007) , while the conserved negatively charged amino acids in domain III are believed to play an important role in N-M protein interactions during assembly .
To gain insight into the precise mechanism of N protein, several crystallographic or NMR structural results were reported, including MHV N-terminal RNA binding domain (residues 60-195) (Grossoehme et al., 2009) , two proteaseresistant domains of the N protein from SARS-CoV (Huang et al., 2004; Luo et al., 2006; Yu et al., 2006; Chen et al., 2007; Saikatendu et al., 2007; Takeda et al., 2008) , and IBV (Beaudette strain and Gray strain) (Fan et al., 2005; Jayaram et al., 2006) . The two domains of IBV and SARS-CoV and the flexible linker between them provide a putative binding surface for viral RNA. This is supported by reported structures, which also revealed the dimerization of the Cterminal domain. Thus, a hypothesis for nucleocapsid formation proposes that the N protein self-assembles via its C-terminal dimeric domain, and the viral RNA entwines around the protein (Jayaram et al., 2006) . In this work, we report the crystal structures of two proteolytically stable domains of MHV-A59 N protein.
In overall ribbon posture, the high resolution structure of MHV-NTD determined using two forms of crystals with different packing modes is similar to previously reported SARS-CoV and IBV structures, with a remarkable difference in surface electrostatic distribution. The CTD displayed a tightly intertwined dimerization structure as expected, indicating a potential role in self-association of N protein. These results suggest a similar model, but with exceptions in certain details for RNA binding style.
RESULTS
Monomer folding of the MHV-N NTD and CTD MHV-NTD was crystallized into two different packing forms under various conditions. The rod-shaped NTD1 crystal diffracts to higher resolution (1.5 Å), comparing to the reported 1.75-Å resolution (Grossoehme et al., 2009 ). There are two NTD1 molecules in one asymmetric unit (ASU), and they are related by twofold axis. The NTD1 molecule consists of five β-sheets and a single short 3/10 helix in the stable core, surrounded by large loops on the periphery (Fig. 1A) , which is consistent with the reported structure of MHV-A59 NTD (PDB number: 3HD4) (Grossoehme et al., 2009) . It is notable that the loop corresponding to residues Arg110-Gln121 was missed due to the lack of electron density, and another crystal structure (packing form of NTD2) provides a good supplement at this point.
The crystal of NTD2 was obtained from another diamondshaped crystal and diffracts to 2.9-Å resolution. Its structure was determined by molecular replacement, using NTD1 monomer as a searching model. Comparing to the structure of NTD1, NTD2 has unambiguous density at Arg110-Gln121 loop, especially at the side chain of Lys113, which was modeled as an Ala in the reported MHV-A59 NTD structure (PDB code: 3HD4). The stabilization of this loop has a straightforward explanation based on the crystal packing ( Fig. 1C) : the dotted loops, including residues Arg110-Gln121 in NTD1, are exposed to the solvent, but in NTD2, the corresponding loops are fixed at their equilibrium position by the adjacent dimer via hydrogen bonds and hydrophobic interactions between side chains. Moreover, the structures of MHV-NTD molecules in these two different crystal forms are identified to share high similarity with a root-mean-squaredeviation (rmsd) of 1.09 Å.
In the 2.0-Å-resolution structure of CTD, two molecules are related by a non-crystallographic twofold axis in one asymmetry unit (Fig. 1B) . Each monomeric subunit consists of two anti-parallel β-strands and five α-helices, among which one helix (α3) and two stands (β1, β2) associate tightly with the adjacent monomer. The CTD dimer is a tightly intertwined, domain swapping homo-dimer that looks like a rectangular slab ( Fig. 2A ). In the final refined structure, several residues of N terminus (Pro282-Cys286), C terminus (Asp382-Arg397), and the part between the two strands could not be observed due to the poor electron density.
Since several homologous structures of NTD and CTD have been reported, we performed a superposition of these structures ( Fig. 4A and 5A ). The rmsd for two MHV-A59 NTD structures (our structure and the reported 3HD4) is 1.97 Å, Protein & Cell while the NTD structures from different coronavirus showed difference, with a total rmsd for MHV-A59 (our structure) vs. SARS-CoV NTDs of 5.39 Å and that vs. IBV of 4.62 Å. The Cα backbones of large loops share less similarity than the helix and strands in the core region. The superposition of CTD structures gives the rmsd of MHV-A59 CTD vs. SARS-CoV CTD is 1.35 Å, and that vs. IBV is 1.51 Å. Amino acid sequence alignment of N proteins from five representative strains of coronavirus also revealed their similarity (Fig. 3) . The highly conserved amino acid residues are located in the three strands (β2, β3 and β4) of NTD, and the N-terminal loop in CTD (Fig. 3) . These fully conserved residues, in addition to many partially conserved residues, contribute to the majority of the secondary structures (3 10 helices, α-helices and β-sheets). Some of them also play important roles in RNA binding, which will be discussed in detail.
Oligomerization state of NTD and CTD of MHV N protein
The NTD2 exists as a dimer in the ASU of crystal (Fig. 1B) : each monomer looks like a bottle with a narrow neck and big belly. The ends of the "necks" in two subunits cross at an angle of approximately 45 degrees, leaving a gap between the "belly" regions. The flexible loops (Arg110-Gln121) in NTD1 correspond to the crossing necks, which are stabilized by the two bellies from adjacent asymmetric units. It is notable that the two necks seem tightly intertwined, but in fact, they are separated, with a minimum distance of 4.4 Å between two loops.
Since the NTD of MHV N protein exists in two oligomeric forms in the crystals, it is necessary to clarify its oligomerization state, which is monomer, dimer or an equilibrium between the two states. In the dimer structure of NTD2, the calculated interface area between two molecules is approximately 555 Å 2 , with a majority of nonpolar residues (58.21%).
These residues associate via hydrophobic interactions and dominate the dimerization. Usually, the protein-protein complexes have a similar structural feature of 17-41 involved residues and a buried surface in the range of 1250-1950 Å 2 (Janin and Chothia, 1990) . These suggest a weak interaction between the two molecules inside one homedimer, which is consistent with the sedimentation velocity experiment using analytical ultracentrifugation (AUC). The AUC result proved that the NTD exists as a monomer in solution with a mass of 17.4 kDa (Fig. 1D) . As suggested previously, the dimer of CTD is tightly intertwined and stable. Within the dimer, two subunits are associated through hydrophobic interactions and several salt bridges. These interactions may play an important role in stabilizing the secondary structures of the protein. Area calculations indicate that the buried interface area of each molecule is up to 2338 Å 2 (32.31%, comparing to the total surface area of CTD molecule), formed by a majority of nonpolar residues (45.83% comparing to the complete CTD molecule). Residues located on the β1 strand, including Leu350, Ala355, Tyr352, Gly354, Phe358 and Val356, contribute to strong hydrophobic interactions for dimerization (Fig. 2B) . The strong interaction between two subunits in the CTD dimer was also demonstrated by AUC experiment. The molar mass distribution curve showed a main peak of CTD dimer (Fig. 2C) . Importantly, the AUC experiment detected the existence of CTD dimers in solution but could not identify other higher-order oligomers.
The potential RNA binding surface of NTD and CTD Unlike the similarity between NTD secondary structures from the three coronaviruses, there are remarkable difference in their RNA binding surface. The electrostatic distribution on the surface of MHV-N NTD forms a significant positively charged region, which consists of Lys77, Arg109, Arg110, Lys113 and Lys120 (Fig. 4B ). All these central residues, including the highly conserved Arg109 and Lys120 (Fig. 3) , form a large contiguous surface. Another residue Tyr127 is interpreted to be crucial as the mutant leads to abolish of NTD-TRS binding affinity (Grossoehme et al., 2009 ), which could be caused by the contribution for the stability of secondary structure. The variation between the three electrostatic surface potentials may result in differences in their RNA binding sites (Fig. 4B) . The electrostatic surface of CTD also appears different. In MHV CTD, the dimer surface looks like a dumb-bell, with a positively charged region (including Lys289, Arg290, Lys303
Protein & Cell and Lys329) winding around the middle in a spiral (Fig. 5B) . A second positive region consists of Lys334, Lys335 and Arg357 on the other diagonal. On the surface of SARS-CoV and IBV CTDs, the positively charged regions all located at the middle of the dimer in spite of their different shapes and detailed sites. It is expected that this shared pattern might be important for viral nucleocapsid assembly.
DISCUSSION

Models for nucleocapsid formation of related coronaviruses
Because N protein plays an essential role in the formation of viral genome via its self-association, the structural information of N protein from the IBV (group III) and SARS-CoV (closely related to group II) could help propose a possible model for coronavirus nucleocapsid formation. The model is based on two central events: first, both NTD and CTD have multiple putative RNA binding sites. In the N protein of IBV, NTD provides a binding surface for viral RNA through several crucial residues (Lys40, Lys42, Lys43, Arg76, Lys78, Lys81, Arg84 and Arg154) (Fan et al., 2005) , while the CTD also provides a positively charged surface to RNA binding (Jayaram et al., 2006) . In the N protein of SARS-CoV, the residues (Arg55, Arg59, Arg60, Arg62, Lys67, Arg74, Arg94 and Arg116) of NTD contribute to RNA binding (Saikatendu et al., 2007) , residues Thr363-Pro382 of CTD are the responsible interacting partner with RNA (Luo et al., 2006) , and the long disordered regions between NTD and CTD was also proved capable of binding RNA (Chang et al., 2009 ). Moreover, the CTD acts as a dimeric domain to mediate the clustering of N protein. Crystallography and solution structures of IBV-CTD (Jayaram et al., 2006) and SARS-CTD (Chen et al., 2007; Takeda et al., 2008) also implicated that the CTD is dimeric characteristic. Therefore, they purposed a model that the dimerization of CTD provides a scaffold, while both the NTD and CTD provide multiple RNA binding sites.
Implications for the function of MHV N protein
The structural alignments show that the overall folding of NTD and CTD domains of MHV N protein were consistent with that of IBV and SARS-CoV. Previous RNA binding assays (Masters, 1992; Cologna et al., 2000; Grossoehme et al., 2009) and the structure surface analysis demonstrated that NTD and CTD both have large positively charged regions for RNA binding. Furthermore, the interface between two CTD molecules in the crystal and sedimentation velocity experiment confirmed a dimeric CTD architecture. Considering the electrostatic distribution (Fig. 5B) , positively charged residues (including Lys289, Arg290, Lys303 and Lys329) form a spiral line on the surface, which may provide a helical RNA binding groove.
All the information is consistent with the above models for IBV and SARS-CoV. The conserved model for coronavirus nucleocapsid formation is summarized as following: the N protein dimerizes via its C-terminal domain, providing a platform to recruit viral RNA; the prominent NTD is responsible for recruiting specific or non-specific RNAs; the linkers between NTD and CTD may act as a flexible arm to change the relative position of the two domains (Fig. 6 ).
This conserved model can explain the fundamental mechanism how coronavirus N protein functions; however, there are still some differences among different coronavirus, e.g., the RNA binding sites in NTD. Although continuous positively charged regions exist in all of the three structures, they clearly show different shapes and locations. This region in IBV protein looks like a clamp to fix RNA, and the positive regions in the SARS-CoV and MHV proteins seem to be a binding groove, but in opposite orientations. The surface structures of different proteins possibly determine the different manners of RNA-NTD binding, including recognition sites, relative position, binding ratios and affinity.
MATERIALS AND METHODS
Cloning, expression and purification of the NTD and CTD
The gene encoding the MHV N protein (MHV-N) was amplified by polymerase chain reaction (PCR) from strain MHV-A59 (located at nucleotides 29,669-31,033 in the genome). Following that, the gene of NTD (N 28-195 ) and CTD (N 282-397 ) of MHV-N, which are composed by nucleotides 29,752-30,253 and 30,514-30,859 , respectively, were sub-cloned for protein expression and crystallization. The NTD was amplified by PCR with the primers: 5′-CGCGGATCCAC-CACTTGGGCTGACCAAAC-3′ and 5′-CCGCTCGAGTTATCCA-GAGCCTTCAACAT-3′. The PCR for CTD was performed with the primer pairs: 5′-CGCGGATCCCCAGTGCAGCAGTGTTTTG-GAAAG-3′ and 5′-CGCTCGAGTTAACGCCCTTTTCTTTGGGGCTT TG-3′. The PCR strategy introduced a BamHI site via the forward primer and an XhoI site (shown in bold) in the reverse such that the PCR products could be inserted into the pGEX-6p-1 vector (GE Healthcare) using T4 ligase.
The recombinant plasmids were subsequently transformed into Escherichia coli strain BL21 (DE3). For each plasmid, a well-isolated colony was transferred into 5 mL LB medium containing 0.1 mg/mL ampicillin and incubated at 37°C overnight. The cell culture was further grown at 37°C in LB medium supplemented with ampicillin (0.1 mg/mL) until the cells reach OD 600 of 0.8. Protein expression was induced by the addition of 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for another 16 h at 16°C.
Cells were harvested and lysed by mild sonication in 1 × PBS (phosphate-buffered saline: 140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4, pH 7.3). The supernatants containing the recombinant glutathione S-transferase (GST) fusion proteins, GST-NTD and GST-CTD, were applied to a glutathione sepharose 4B (GE Healthcare) column, followed by on-bead cleavage with PreScission protease (GE Healthcare) to remove the GST tag. Following cleavage, the protein was purified by two chromatography processes: ion exchange chromatography through a pre-packed column Resource S (GE Healthcare), and then gel exclusion chromatography through a Superdex 75 10/30 column (GE Healthcare). SDS-PAGE analysis showed the protein purity over 90%, with expected molar masses. The purified NTD and CTD were concentrated to 5 mg/mL using a spin filter for crystallization. Selenomethionine-labeled NTD and CTD were expressed in E.coil strain B834, and purified by the same procedure as the native protein. As there is no methionine in the NTD, we introduced an I72M mutation (numbering Protein & Cell Figure 6 . The corroborated conserved RNA-protein binding mechanism in coronavirus. The CTDs dimerize to providing a platform to recruit viral RNA. The prominent NTD is also responsible for recruiting RNA. The linkers between NTD and CTD may act as a flexible arm to change the relative position of the two domains.
refers to full-length N protein) for Se-Met labeling.
Analytical ultracentrifugation
Sedimentation velocity experiments were performed in a Proteomelab™XL-1 analytical ultracentrifuge (Beckman coulter). Fresh protein in its own comfortable buffer was centrifuged at 60,000 rpm for 5 h in an An60Ti rotor at 20°C. Protein absorbance was monitored by continuous scans at 280 nm. The protein partial specific volume, buffer viscosity and buffer density were determined using a c(M) distribution model (Schuck, 2000) . The protein samples for analytical ultracentrifugation were prepared at a concentration of OD 280 = 0.75 in the buffer containing 0.2 M HEPES, pH 7.4, 150 mM NaCl.
Crystallization of the NTD and CTD
Crystals of the MHV-N NTD and CTD were both grown at 16°C using the hanging drop diffusion method. One microliter of protein at a concentration of 5 mg/mL was mixed with 1 µL well solution against 200 µL well solution.
Two different crystal forms of the NTD (NTD1 is the I72M mutant and NTD2 is wild type) were obtained. For the native and Se-Met derivation of NTD1, the optimal rod-shaped crystals were obtained in 0.1 M Tris-HCl, pH 8.5 and 8% (w/v) PEG8000. The best diamondshaped crystals of NTD2 were obtained in the condition of 0.2 M ammonium sulfate, 0.1 M MES, pH 6.5, and 30% (w/v) PEG-MME 5000 within 10 d. In the case of CTD and its Se-Met derivative, the crystals were obtained in the optimal condition containing 1.3 M sodium citrate (pH 6.5) using crystal seeds initially generated in 1.6 M sodium citrate (pH 6.5).
Prior to data collection, all these crystals were transferred to the reservoir solution (supplemented with 3 M sodium formate) for 5-10 min dehydration before plunged into liquid nitrogen for storage.
Data collection and processing A 1.5-Å resolution single wavelength desperation (SAD) data set of the Se-Met labeling NTD1 was collected at 100 K using an SBC2 3000 × 3000 CCD detector on beamline BL19-ID at the Advanced Photon Source (APS, Argonne National Laboratory) at the wavelength of Res. in generously allowed regions 0 (0%) 0 (0%) 0(0%) 0.9798 Å. Data for NTD2 was collected to 2.9 Å resolution on beamline BL-17A of the Photon Factory (Japan) using an ADSC Q270 detector. Data of the Se-Met labeling CTD was collected to 2.0-Å resolution on BL-17A of Photon Factory (Japan) at the wavelength of 1.0000 Å. The crystal of NTD1 belongs to the orthorhombic space group P2 1 2 1 2 1 with the cell parameter of a = 34.1 Å, b = 52.1 Å, c = 71.4 Å, α = β = γ = 90°, while NTD2 belongs to the space group of P2 1 2 1 2 1 with the cell parameters a = 59.9 Å, b = 62.1 Å, c = 118.9 Å, α = β = γ = 90°. The CTD belongs to the space group P422 with cell parameters of a = b = 66.6 Å, c = 50.8 Å, α = β = γ = 90°. Diffraction processing, scaling and integration were performed by using the HKL2000 software package (Otwinowski and Minor, 1997) .
Structure determination and refinement
The structure of NTD1 was solved by the single-wavelength anomalous dispersion (SAD) method from a Se-Met derivative. The initial phases were calculated by the program SOLVE (Terwilliger and Berendzen, 1999) . Density modification was performed using RESOLVE (Terwilliger, 2000 ). An initial model of NTD1 was automatically traced using the program ARP/wARP (Perrakis et al., 1999) to approximately 70% of total 138 residues and then further manually built and refined using the programs COOT (Emsley and Cowtan, 2004) and REFMAC5 (Bailey, 1994 ) at 1.5-Å resolution to a final R work of 19.3% and R free of 21.5%. The residues from Arg110 to Gln121 missed due to lack of electron density. The structure of NTD2 were phased using molecular replacement (MR) in PHASER (McCoy et al., 2007) , with the previously solved NTD1 structure as initial searching model and then was manually build using COOT and refined using REFMAC5 (Bailey, 1994) at 2.9-Å resolution to a final R work of 23.7% and R free of 28.6%.
The CTD structure of 2.0-Å resolution was also determined using SAD method. Data was collected and phased following a similar procedure to NTD1 and finally refined to a final R work of 21.9% and R free of 26.6%.
The stereochemistry of all the structures was validated by the program PROCHECK (Laskowski et al., 1993) . The statistics of data collection and structure refinement are summarized in Table 1. 
